for various applications. The system measures the range of scenes of interest and generates three-dimensional data. With such data, LADAR systems can be used for topographic mapping, automatic target recognition, autonomous safe landing and so on [1-3]. To complete these kinds of missions, range precision is the most important parameter of LADAR systems.
for various applications. The system measures the range of scenes of interest and generates three-dimensional data. With such data, LADAR systems can be used for topographic mapping, automatic target recognition, autonomous safe landing and so on [1] [2] [3] . To complete these kinds of missions, range precision is the most important parameter of LADAR systems.
Various techniques are employed to obtain optical distance measurements including interferometry, time of flight (TOF) and triangulation [4] . For long-range measurements and working outdoors, TOF methods are employed in many LADAR systems [5] . The conventional TOF LADAR system transmits a laser pulse (start signal), triggering the time to digital converter (TDC). The transmitted laser pulse reflects off a target. The laser-return pulse (stop signal) is detected by an avalanche photodiode (APD). The APD generates an electrical signal to stop the TDC. The time interval between the start signal and the stop signal is converted into distance. Range precision is determined by the closeness of such measurements to independent range results acquired under identical environmental circumstances [6] .
The range precision of the LADAR system depends on a number of factors including the laser pulse width, the timing resolution of the APD, the timing resolution of the TDC, shot noise and the timing jitters generated by electronics [7, 8] . Because of these factors, range precision has a limit. Generally, the range precision of the conventional LADAR system is several centimeters [9, 10] . A commercial LADAR system has several millimeters in range precision [11] . To obtain better range precision, a shorter laser pulse width is needed. However, short laser pulses require a high-bandwidth APD and a high timing resolution TDC [12] . This limitation can be overcome by averaging with the improvement proportional to 1/√(the number of results averaged), as compared to a single measurement result Abstract We have proposed and demonstrated a novel technique to measure distance with high range precision. To meet the stringent requirements of a variety of applications, range precision is an important specification for laser radar systems. Range precision in conventional laser radar systems is limited by several factors, namely laser pulse width, the bandwidth of a detector, the timing resolution of the time to digital converter, shot noise and timing jitters generated by electronics. The proposed laser radar system adopts a Pockels cell and a quadrant photodiode and only measures the energy of a laser pulse to obtain range so that the effect of those factors is reduced in comparison to conventional systems. In the proposed system, the measured range precision was 5.7 mm with 100 laser pulses. The proposed method is expected to be an alternative method for laser radar system requiring high range precision in many applications.
Introduction
Laser radar (LADAR) is commonly used to measure the distance between a target and a system and is well suited [13] . However, repeating measurements under the same condition many times (typically 10 4 -10 6 ) is time-consuming [14, 15] .
In this paper, we developed and demonstrated a novel LADAR system that achieves high range precision without the need for high-performance APD and TDC, which are usually essential for high range precision in existing measurement methods. The proposed LADAR system is implemented using a Pockels cell and a quadrant photodiode (QPD). A laser pulse is emitted from a laser, triggering the Pockels cell. The laser pulse is scattered by the target and is reflected back to the LADAR system while the polarization modulator is rotating the polarization state as a function of time. The polarization state of the laser-return pulse passing through the polarization modulator is changed to a certain polarization state, and the QPD then measures the intensities of laser-return pulse to calculate the polarization state. The function of range and polarization state is already known so that the change of the polarization can be converted to range. The proposed LADAR system achieves a similar level of range precision as that of a commercial LADAR system. Furthermore, a high-bandwidth APD and a high-resolution TDC are not required for high range precision, since in this system only the energy of the laser pulse is measured.
Principle of the technique
The schematic diagram of the LADAR system using a Pockels cell and a quadrant photodiode is shown in Fig. 1 . A laser pulse is transmitted by a light source and passes through the optical system, triggering the delay pulse generator (DPG). Then, the DPG triggers the Pockels cell at a certain delay time to start modulating the polarization state. Once the Pockels cell is triggered, the voltage applied to the Pockels cell starts to change to the halfwave voltage. It takes time (typically a few nanoseconds) for the applied voltage to reach the half-wave voltage. In other words, the voltage change has a rise time. During the rise time, the polarization modulator is changing the polarization state. Therefore, the rise time determines the range gate which corresponds to a polarization modulation time.
When the transmitted laser pulse is directed to the target and scattered, the scattered light in the field of view (FOV) of the optical system is collected in the QPD through the polarization modulator. While the laser pulse is traveling, the polarization state is rotating. When the laser-return pulse from the target passes through the polarization modulator, the polarization of the laser-return pulse is changed to a certain polarization state, and this polarization state is different depending on the arrival time of the laser-return pulse. Namely, the polarization states of the laser-return pulses are different depending on where the targets are located. Consequently, the polarization state is also related to the range of the target. Then, the QPD measures the return signal and the computer calculates the polarization state of the laser-return pulse. If the function between the polarization state and range is already known, the calculated polarization state can be converted into range by using the function. The delay time of the DPG controls the location of the range gate so that it determines where to start measuring. This range gate can be scanned in depth by changing the delay time to acquire the range of the target. The length of the range gate can be controlled by adding of a resistor or a capacitor in the circuit of the Pockels cell. Using Jones calculus, the polarization state of the light as it passes through each optical element is described mathematically. With the fast axes of the Pockels cell and QWP oriented as above, the Jones vector of the output beam passing through the polarizer, Pockels cell and QWP can be calculated as where ϕ is the polarization state directly proportional to the applied voltage of the Pockels cell, PC is the Pockels cell, P is the polarizer. Since a Jones vector that describes unpolarized light does not exist, assume that the incoming light is a linearly polarized beam, oriented to the y axis of the system. The output beam is linearly polarized with rotation in accordance with the change of the polarization state. Once the Pockels cell is triggered, the voltage applied to the Pockels cell starts to change with time. This means that the polarization modulator changes the polarization state with respect to time.
The next element is the polarizer array whose axes are 0°, 45°, 90° and 135° in a clockwise direction. The intensities after each polarizer are expressed as where I is the original intensity of the laser beam, I 0 , I 45 , I 90 and I 135 are the intensities after the polarizers whose axes are 0°, 45°, 90° and 135°, respectively. The value of ϕ can be obtained from Eqs. (2) to (5) as
The QPD measures four intensities and the polarization state of the laser-return pulse is calculated using Eq (6) . Figure 3 shows the change in polarization state with respect to range and its fit curve. The measurement target was positioned at 0.15 m intervals between 15 and 17.7 m to obtain the change in the polarization state. Using these data, the fit curve was calculated for the function of the polarization state and range. As backscattering from the target passes through the QWP, the laser pulse has a certain linear polarization. Then, the polarization state is calculated using the four intensities measured by QPD signals. The value of the polarization state is already known with respect to range from the fit curve. Thus, range can be obtained by the polarization state of the laser-return pulse calculated using QPD signals. The range gate of the proposed LADAR system is determined within the modulation time of the polarization state. The range gate is about 10 ns (1.5 m) in this system and starts at a selectable time after the laser pulse is transmitted. This means that objects in the range of 1.5 m can be measured simultaneously and the start point of the range gate can be adjusted to where the interesting scene is located. Figure 4 shows the optical layout for the proposed LADAR system. A passively Q-switching microchip laser whose wavelength is 532 nm was used as a light source. Laser pulses with a full width at half maximum of 800 ps were transmitted at a repetition rate of 5 kHz, and the output energy per pulse was 3 μJ. The laser pulse is collimated by lenses L1 and L2. The S-polarization of the laser beam is reflected to the photodiode at PBS1 to generate the start signal; the start signal is used as the triggering source of the DPG. Due to the linear polarization after PBS1, the combination of HWP2 and PBS2 is used to adjust the transmission of laser pulses. Then, QWP1 is used for a transmit-receive switch. The rest of the laser beam is directed to the target and scattered. The scattered light in the FOV of the optical system is collected and focused into the QPD through the polarizer, Pockels cell and QWP2 in turn. The combination of the polarizer, Pockels cell and QWP2 is used for changing of the polarization state. The Pockels cell used for the proposed LADAR system was FastPulse Technology, Inc. Q1059PSG-532. The bandwidth of the QPD (New focus 2901) is approximately 100 kHz. The maximum sample rate and the resolution of the digitizer (ZTEC Instruments Inc. ZT4611) are 2 GS/s and 8 bits, respectively.
Range precision is the measurement of the pulse-topulse deviation in measured ranges to a target located at around 16 m. The target was a flat plate oriented in a plane normal to the transmitted laser beam. 100 laser pulses were recorded to determine range. Signals from the QPD were recorded by the digitizer and then the polarization state of the laser pulse was computed by integrating measured signals with time. The polarization angle data were translated into range by using the fit curve between the range versus polarization state.
The difference between the measured ranges and the average value of the total data is plotted in Fig. 5a , and the statistical range distribution is analyzed in a histogram in Fig. 5b . The probability density function (PDF) is fitted with the normal distribution function, and Gaussian distribution can be seen clearly. A standard deviation of 5.7 mm is measured. Pulse-to-pulse variation of the range occurred due to timing and signal jitters in the system. Compared to a conventional LADAR system, the proposed system is less affected by electrical timing jitter and shot noise because the system measures the energy of the laser pulse not the TOF. Furthermore, if the modulation time is reduced while maintaining the amount of voltage change, the slope of the function between the polarization state and range becomes steeper so that higher range precision can be obtained.
Summary
To successfully perform various missions, a LADAR system requires high range precision. However, range precision is limited in conventional LADAR systems due to the laser pulse width, the timing resolution of the APD, the timing resolution of the TDC, shot noise and timing jitters generated by electronics. In this paper, for high range precision, a novel technique using a Pockels cell and a QPD was suggested and demonstrated. By changing the polarization state with respect to range, range can be determined by calculating the polarization angle of the laser-return pulse using the four intensities measured by the QPD.
To achieve high range precision in a conventional LADAR system, a higher bandwidth detector and TDC are needed. In contrast, those components are not required in the proposed LADAR system since the proposed system only measures the energy of the laser pulse. Thus, high-performance timing circuitry is unnecessary in the proposed system. In other words, using the proposed configuration, any detector which is able to measure the intensity of a laser pulse can obtain range information without timing circuits. For example, this enables a CCD, a CMOS, a photodiode and so on to be used for LADAR systems. Moreover, the range precision can be further improved by decreasing of the modulation time of the Pockels cell.
The standard deviation measured for the proposed system was 5.7 mm. It is expected that this proposed system will be used for many applications which need high range precision.
